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H umans have used chemical N 2 fixation (the Haber-Bosch process) for decades to support the nitrogen needs of the human population on Earth 1 . The great energetic cost of this industrial procedure makes the process of natural biological N 2 fixation all the more remarkable. Some microorganisms are able to reduce N 2 gas using the enzyme nitrogenase, at substantial costs in terms of ATP and reductant relative to other metabolic enzymatic reactions 2 . Nitrogenase, which catalyses the reduction of N 2 to ammonium, is found in many species of Archaea and Bacteria (including cyanobacteria), but has never been found in a eukaryote 2 . There is only one known way in which N 2 fixation is found in eukaryotes: in symbiotic interactions between Archaea or Bacteria and eukaryotic plants or animals 3, 4 . N 2 -fixing symbioses are extremely important as a source of N in both natural and agricultural terrestrial ecosystems, as well as aquatic ecosystems 1, 5 . This Review focuses on a recently discovered unusual symbiosis between a genetically reduced marine unicellular cyanobacterium and a single-celled haptophyte algae that is significant in ocean ecology and has implications for understanding the evolution of organelles.
Significance of ocean N 2 fixation
N 2 fixation in the oceans was largely ignored for decades, based on Alfred Redfield's arguments that phosphorus was the ultimate limiting nutrient in the oceans 6 . However, experimental results highlighted that N availability frequently limited productivity in oceans 7 . More recently, it was proposed that there might be an imbalance between inputs and losses of N to the global ocean 8, 9 , one of the hypotheses being that N 2 fixation had been previously underestimated. Since then, the uncertainties in the N budget have driven intense interest in identifying N 2 -fixers and quantifying N 2 fixation in the open oceans.
At the time that N 2 fixation research was re-invigorated, openocean N 2 -fixing microorganisms were believed to be numerically Nitrogen fixation -the reduction of dinitrogen (N 2 ) gas to biologically available nitrogen (N) -is an important source of N for terrestrial and aquatic ecosystems. In terrestrial environments, N 2 -fixing symbioses involve multicellular plants, but in the marine environment these symbioses occur with unicellular planktonic algae. An unusual symbiosis between an uncultivated unicellular cyanobacterium (UCYN-A) and a haptophyte picoplankton alga was recently discovered in oligotrophic oceans. UCYN-A has a highly reduced genome, and exchanges fixed N for fixed carbon with its host. This symbiosis bears some resemblance to symbioses found in freshwater ecosystems. UCYN-A shares many core genes with the 'spheroid bodies' of Epithemia turgida and the endosymbionts of the amoeba Paulinella chromatophora. UCYN-A is widely distributed, and has diversified into a number of sublineages that could be ecotypes. Many questions remain regarding the physical and genetic mechanisms of the association, but UCYN-A is an intriguing model for contemplating the evolution of N 2 -fixing organelles.
dominated by Trichodesmium 10 and symbionts of diatoms (Richelia that are also filamentous cyanobacteria 11, [12] [13] [14] ). A number of other N 2 -fixing cyanobacteria associated with planktonic eukaryotes had also been observed microscopically 15 but were numerically rare. Molecular biology provided new tools, specifically the polymerase chain reaction (PCR), that did not require cultivation or microscopy to identify N 2 -fixing microorganisms in the environment 16, 17 . Sequencing of PCR-amplified nitrogenase (nifH) gene fragments was used to answer the question of whether there were marine N 2 -fixing microorganisms other than Trichodesmium and the diatom symbionts.
One of the important implications of finding marine unicellular N 2 -fixers is that it changed the size class of organisms that were a source of N in oligotrophic waters. The size of microorganisms fixing N 2 is important as it determines the fate of the fixed N in the food web, and whether the organisms will sink to deep water, sequestering the fixed N (and C fixed by the host) in the deep ocean 20 . After the discovery of UCYN-A and UCYN-B, N 2 fixation rates were measured in different size classes to determine whether the newly discovered organisms were significant. Many studies reported that a substantial proportion, if not most, of the N 2 fixation in the 'small' size class was dominated by unicellular N 2 -fixers [21] [22] [23] . UCYN-A has been detected in a large number of ocean regions, using mostly cultivation-independent PCR or quantitative PCR (qPCR) approaches targeting the nifH gene [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] (also reviewed recently in refs 34, 35) , but also using fluorescent in situ hybridization (FISH) [36] [37] [38] [39] , suggesting that UCYN-A is potentially of global importance. Early studies amplified the 16S rRNA gene using generic UCYN (unicellular cyanobacteria, N 2 -fixing) PCR primers, and the use of these primer sequences for FISH probes ultimately led to the first real microscopic images of UCYN-A 25, 36 ( Fig. 1) . However, since the 16S rRNA gene sequence of UCYN-A was not yet known, FISH probes used in these studies cross-hybridized with a number of similar organisms, including UCYN-B 25, 36 . Since that time, following sequencing of the genome, studies using UCYN-A-specific FISH [39] [40] [41] [42] [43] , metagenomics and metatranscriptomics 43 and qPCR approaches have yielded data showing the extensive near-global distribution of UCYN-A 35 ( Fig. 1 ).
Unusual physiology in uncultivated UCYN-A
Despite the inability to cultivate or visualize UCYN-A, experiments at sea focused on developing techniques for quantifying UCYN-A abundances using qPCR, and evaluating the activity by examining the daily pattern of nifH gene transcription using quantitative reverse-transcriptase PCR (qRT-PCR) (Fig. 1) . The results of qRT-PCR assays for UCYN-A in seawater were enigmatic. As nitrogenase proteins and enzyme activity are extremely sensitive to oxygen, cyanobacteria separate photosynthesis and N 2 -fixing activities either spatially (with specialized cells called heterocysts, such as in the diatom symbiont Richelia) or temporally by fixing N 2 at night, when photosystem II (PSII), the oxygen-evolving component of the photosynthetic apparatus, is not active 44, 45 . Since UCYN-A and UCYN-B are unicellular, they cannot have heterocysts, and so should express the N 2 -fixing apparatus at night in a pattern opposite to that of photosynthetic activity (which only occurs during the day). Church et al. 46 showed that UCYN-B had the expected night-time nifH gene expression, but the uncultivated UCYN-A had the highest levels of nifH transcripts during the day when it was presumed to be evolving oxygen through photosynthesis. This enigma remained a mystery for a number of years.
UCYN-A genome sequencing resolves enigma
The first glimpse into the genome was obtained from mixed populations in seawater using a flow cytometer to sort cells into a variety of size and fluorescence bins, and then identifying the cell populations containing UCYN-A nifH by qPCR (Figs 1 and 3) 
47
. The sorted UCYN-A cell populations were used for whole-genome amplification and high-throughput DNA sequencing 47 . The resulting sequences clearly showed that the UCYN-A genome was unusual, since it lacked all of the genes for PSII. The streamlined genome partially explained the enigma that UCYN-A expressed nitrogenase during the light, as by then it was known that UCYN-A did not evolve O 2 . More surprises were revealed when the complete genome was closed 48 ( Figs 1 and 3 ). Along with a lack of PSII, the UCYN-A genome was found to lack RuBisCO (ribulose-1,5-bisphosphate carboxylase/oxygenase), the entire tricarboxylic acid (TCA) cycle and a variety of other metabolic pathways. Intriguingly, the UCYN-A genome was shown to be so reduced that it was missing the characteristics of the group cyanobacteria, and yet, based on gene sequences, was evolutionarily related to them (Fig. 2a) .
The lack of so many metabolic pathways indicated that UCYN-A was most likely a symbiont with an organism that was somehow missed in the sample collection and analysis. It was determined that the symbiosis was so fragile that the partners were separated by theconventional filtration used to concentrate samples 40 . Analysis of raw water by flow cytometry showed that UCYN-A was associated with photosynthetic picoeukaryote cells (Figs 1 and 3) , which are diverse, abundant, small species only a few micrometres in diameter. A single-cell approach was then required to identify the symbiotic partner among the diverse picoeukaryote species. By analysing single picoeukaryote cells sorted by flow cytometry, followed by 18S rRNA gene amplification and sequencing, the haptophyte partner was identified 40 ( Figs 1 and 3 ) 89 and next-generation-sequencing-based studies 31, 32, 90, 91 . UCYN-A sublineages are labelled, including a newly described sublineage, UCYN-A4, defined almost exclusively by high-throughput sequencing data. c, A neighbour-joining tree of partial 18S rRNA gene fragments (644 base pairs) from UCYN-A1 and UCYN-A2 hosts, and close relatives. Sequences were retrieved from the NCBI Genbank nr/nt database in July 2015 and aligned using the SILVA Incremental Aligner (SINA; ref. 92) , and phylogenetic analysis was performed in ARB (ref. 93) . Branch lengths were inferred using the Jukes-Cantor correction. Accession codes are in parentheses at the end of the branch labels. Scale bars represent the rate of substitution per amino acid or nucleic acid site.
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related to sequences from Braarudosphaera bigelowii, a calcifying haptophyte that itself was uncultivated, and most closely related to a sequence amplified from sorted picoplankton cells in a study in the South Pacific gyre 49 . With the availability of the genome sequence, a UCYN-A-specific 16S rRNA gene FISH probe was designed and the symbiosis was specifically visualized for the first time 39, 40 ( Fig. 4a-c ). UCYN-A was given the tentative name Candidatus Atelocyanobacterium thalassa, meaning incomplete marine cyanobacterium 40 . Thompson et al. 40 and Krupke et al. 50 were able to use stable isotope experiments and nanoscale secondary ion mass spectrometry (nanoSIMS) to show that UCYN-A fixed 15 N 2 , and that it rapidly exchanged N with the partner haptophyte (Fig. 4a) . In return, H 13 CO 3 -was fixed by the photosynthetic partner and transferred to UCYN-A. Since the UCYN-A cell was labelled with 13 C, and the genome sequence showed that C fixation pathways are absent in UCYN-A, the isotope experiments and nanoSIMS results clearly demonstrated that the symbiosis was based on the exchange of N and C between the haptophyte and UCYN-A.
Discovery of diversity of UCYN-A and host lineages
Once the UCYN-A symbiosis was discovered, it was not clear whether it was a single partnership between two microorganisms, or whether there was genetic diversity among UCYN-A strains and perhaps even among the hosts that it partnered with. It was also not known whether there might be UCYN-A relatives that did not have the extreme genome reduction. There are several reports of possible associations of UCYN-A with other hosts 41 or as free-living cells 36, 41, 51 . About the same time that the UCYN-A symbiosis was discovered, Hagino et al. 52 were studying B. bigelowii in Japanese coastal waters and observed a small inclusion inside the calcified cell (using transmission electron microscopy (TEM)) (Fig. 1) . PCR amplification of 16S rRNA genes confirmed that UCYN-A was associated with B. bigelowii in the coastal waters. Also around this time, a second UCYN-A, called UCYN-A2, was detected off Scripps Pier near San Diego, California 53 ( Fig. 1) . The UCYN-A2 genome had almost all of the same gene deletions as the original UCYN-A1 genome 54 , but the DNA and amino acid sequences were surprisingly divergent (an 86% amino acid sequence identity, on average). The genomes of UCYN-A2 and UCYN-A1 also have a number of genes unique to each strain that might contribute to ecologically relevant physiological differences 54 . The host of UCYN-A2 that was identified by the 18S rRNA gene sequence was closely related to the UCYN-A1 host -and was more closely related to the strain from Japanese coastal waters than that from the South Pacific Ocean 53 . Recently, sequences from UCYN-A and the identified hosts were also found in the large ocean metagenomic and metatranscriptomic data sets from the TARA and MALASPINA oceanographic cruises 42, 43 ( Fig. 1 ). Cornejo-Castillo et al. 43 confirmed the genome sequence of UCYN-A1 and detected at least one other genome in the South Atlantic Ocean that was very similar to the UCYN-A2 genome found at Scripps Pier in the Pacific Ocean. New FISH probes developed in these studies gave greater resolution to the images of UCYN-A and at least two different hosts 42, 43 ( Fig. 4f,g ). As multiple strains with genetically distinct differences are now known, a careful analysis of UCYN-A sequences amplified from the environment indicate that there can be multiple subgroups with yet unknown genomic differences and ecological implications 35, 40 . The two sublineages that have been substantively characterized so far, UCYN-A1 and UCYN-A2, are distinctly different in size, but, more interestingly, they also differ in the number of associated cells per host 42, 43, 53 (Fig. 4f,g ). The UCYN-A2 host is larger (4-10 μm) and appears to have a cluster of UCYN-A cells per haptophyte cell 43, 55 . Furthermore, different UCYN-A sublineages have different cell-specific rates of N 2 fixation 53, 56 (Fig. 4j,k) . It is now clear that there are distinct pairs of hosts and UCYN-A strains, although there may be even more unexplored diversity among hosts and UCYN-A, and unknown specificity of associations (Fig. 2b,c) . It is not yet known whether characteristics such as size or number of UCYN-A cells per haptophyte partner are reliable defining characteristics for different sublineages. Even more intriguing is whether the different genotypes correspond to distinct ecotypes that inhabit different habitats or regions of the oceans.
Relationship of UCYN-A symbioses to other symbioses
UCYN-A is the first N 2 -fixing symbiont to be found in the haptophyta (prymnesiophytes), but there are a number of known symbioses that have some similarities. Known unicellular N 2 -fixing symbioses exhibit a spectrum with respect to the closeness of the physical relationship between the partners and associated genome reductions 53 . The unicellular cyanobacterium Crocosphaera has been observed in association with centric diatoms 57 (and possibly many other protists), but sequenced genomes of Crocosphaera strains are not metabolically reduced (as is UCYN-A) 58 . The heterocyst-forming Nostoc azollae, which is an extracellular symbiont of the water fern that inhabits specialized cavities in the plant, has a reduced genome -but not as greatly reduced as that of UCYN-A 59 . In addition, there are other symbioses between cyanobacteria and protists; in particular, there are several marine filamentous heterocyst-forming cyanobacteria related to Richelia that live within the frustules of diatoms (for example, Rhizosolenia and Hemiaulus) 14, 60, 61 . The most similar symbioses to UCYN-A are those between freshwater diatoms (of the genera Rhopalodia and Epithemia, among others) and the 'spheroid bodies' that are evolutionarily related to cyanobacteria within the same broad phylogenetic group as UCYN-A 62 . The genome of the spheroid body that lives within the frustule of the diatom Epithemia turgida was recently sequenced 63 , and the genome reduction in the E. turgida symbiont bears some similarities to that of UCYN-A, but also has substantive differences, specifically in the gene content (Fig. 5) . The symbiont of the diatom Rhopalodia gibba appears to be monophyletic with the E. turgida symbiont, and has a similar level of genome reduction, although the closed genome has not been published 64 . The diatom symbionts are clearly a different lineage from UCYN-A, although they are both phylogenetically related to the unicellular cyanobacterium Cyanothece and its relatives. UCYN-A is one of a group of unicellular N 2 -fixing symbionts, but is unique in being a symbiont with a haptophyte alga.
Mechanisms of UCYN-A symbiosis
Symbiotic interactions are facilitated by close physical association, metabolic interdependencies and sometimes gene exchange between partners. The physical association between partners of the UCYN-A symbiosis is as yet unclear because there are only a few low-resolution images based on FISH 39, 56 or scanning electron microscopy (SEM) 41 ( Fig. 4d,e) , and the complete genome sequence of the eukaryote partner has not yet been obtained.
Physical association.
Symbiotic partners that rely on metabolite exchange have to be structurally connected either by complete enclosure within cell membranes or by having conduits or transporters that enable specific metabolite transfer (Fig. 6) . The nature of the physical association of UCYN-A is still unknown, and determining the physical interactions between the symbiotic cells poses technical challenges. However, the different genes determining cell shape and cell wall biogenesis in UCYN-A1 and UCYN-A2 could suggest different associations with their partners 54 . Images using FISH and SEM show closely associated cells, suggesting attachment on the outer surface of the haptophyte cell 41 (Fig. 4d,e) . In contrast, the E. turgida symbiont is an endosymbiont, and the spheroid body is surrounded by membranes, although there is not a continuous connection to the host cytoplasm 65 (Fig. 6) . The spheroid bodies of Paulinella (chromatophores) are also intracellular and bounded by membranes (Fig. 6 ). It will be important to determine whether UCYN-A is surrounded by the host membrane (and thus a true endosymbiont) or is attached to the external surface. If the latter, then there must be molecular mechanisms to maintain attachment and transfer metabolites (Fig. 6) . The mechanism of association must prevent oxygen from inhibiting UCYN-A N 2 fixation, while also exchanging fixed N for fixed C.
Hagino et al. 52, 66 were able to visualize B. bigelowii in Japanese coastal waters because of the presence of unique calcareous plates. TEM images showed one or two inclusions of what appeared to be UCYN-A (based on PCR amplification of parallel samples 52 ) within the eukaryote cell 66 (Fig. 4h,i) . These results are puzzling, as they contrast with FISH images that suggest one cell (or several cells) attach to the surface of the eukaryote 40, 41, 56 . Furthermore, in at least some of the associations, the partners can easily be dislodged from each other by simple filtration 40 , which would not be true of an intracellular body. The contradictory results might be because the calcified B. bigelowii is a distinct life stage (these organisms are known to have complex life cycles) or because the different . d,e, Correlative microscopy of a UCYN-A cell hybridized with the UCYN-A732 probe (green) and associated Haptophyta targeted by the PRYM02 probe (red) in epifluorescence light microscopy (d) and electron microscopy (e) 41 . f,g, UCYN-A1 was identified with the UCYN-A732 probe (red) and prymnesiophyte partner hybridized with the specific probe UPRYM-69 (green) in samples from the MALASPINA expedition (left panel, f) 42 . B. bigelowii was hybridized with the specific probe UBRADO-69 and UCYN-A2 with the general probe (UCYN-A732) on samples from the TARA oceans expedition (right panel, f) 43 . UCYN-A1 and its prymnesiophyte partner were identified using the specific probes UCYN-A1 732 and UPRYM-69 (upper panel, g) and UCYN-A2 was targeted by the specific UCYN-A2 753 probe, and the larger prymnesiophyte was identified with the UBRADO69 probe in samples from the ALOHA station (lower panel, g) 35 . h,i, A SEM image of B. bigelowii (h) and a TEM image of a thin section (i) 66 . C, chloroplast; S, spheroid body. j,k, Fluorescence images of UCYN-A1 (j) and UCYN-A2 (k) with their associated haptophytes after CARD-FISH hybridization with specific probes Metabolic dependency. Close cellular symbiotic interactions can be facilitated by, or require, physical contact and metabolic exchanges (Fig. 6 ). The specific UCYN-A genome deletions involved in metabolic streamlining may hold clues about the mechanisms involved in maintaining symbiosis. N 2 fixation is a common mechanism that drives many symbiotic interactions between bacteria or cyanobacteria and higher plants, where the plant provides fixed C to the N 2 -fixing symbiont 4 . UCYN-A retains the complete suite of N 2 fixation genes -so, clearly, N supply from UCYN-A is the advantage for the haptophyte, which lives in oligotrophic oceans, and UCYN-A requires C from its host 40, 41, 56 . Metabolic dependencies are likely to be more severe for the cyanobacterium than the host. UCYN-A does not have a TCA cycle, in contrast to the diatom spheroid bodies that have retained part of the cycle 63 , although it does have a glycolytic pathway. Retained pathways in UCYN-A suggest metabolisms that are critical for maintenance of viability and transport of nutrients. UCYN-A has lost all ammonium transporters from its genome, but has retained phosphorus transporters, which it must use to obtain phosphorus from either its partner or the extracellular environment.
There are interesting differences between the diatom symbionts and UCYN-A. In UCYN-A, photosystem I (PSI) is retained, whereas in the Epithemia symbionts both photosystems have been lost. This was interpreted by Nakayama et al. 63 to mean that UCYN-A is not as far along on the evolutionary trajectory to endosymbiosis, but it also could mean that PSI activity is advantageous in the marine environment. Many bacteria in the oceans have proteorhodopsins or anaerobic anoxygenic photosynthetic pathways 67 , suggesting that supplementation of energy metabolism may be more important in the marine environment than the freshwater environments where the diatom symbionts are found. UCYN-A is missing the phosphate 94 . The total number of proteins in each organism is noted outside the appropriate circle. b, KEGG Orthology (KO) assignment for the 533 core proteins. c-e, Bar plots for individual genomes showing the KO distribution for proteins that are not in the core set. The genome files for UCYN-A1 and the E. turgida spheroid body (SB) were downloaded from the NCBI Genome database, and the Paulinella chromatophore genome was downloaded from the NCBI Nucleotide database. Protein fasta files were generated from Genbank files using the BioPython script (gbk_to_faa.py). The KO annotation for UCYN-A1 and the E. turgida spheroid body was downloaded from the KEGG website (http://www.genome.jp/kegg-bin/get_htext), and htext was converted to tabulated files using a custom Perl script. The KO for Paulinella chromatophore was assigned using BlastKOALA (ref. 95). Env., environmental information processing; Gen., genetic information processing; Met., metabolism.
sensor regulon (phoBR), the nitrogen regulating protein PII (glnB) and any possible ABC-type nitrate/sulfonate/bicarbonate transporter, relative to the E. turgida symbiont. In contrast, UCYN-A has retained the Fe III transport genes (afuABC), which must be important in the Fe-limited oligotrophic oceans. Interestingly, UCYN-A and the E. turgida spheroid body have retained the NtcA transcription regulator. NtcA is a N-regulatory transcriptional activator that is required for transcription of nifH genes in the absence of ammonium in at least some N 2 -fixing cyanobacteria 68 . The lack of Amt transporters in the E. turgida spheroid body and UCYN-A may force the ntcA gene to be constitutively upregulated and involved in stimulating N 2 fixation. It is also possible that NtcA in UCYN-A responds to the availability of carbon skeletons 69 , presumably supplied by the host. To have survived such extreme genome reduction, the metabolic similarities and differences between the freshwater spheroid bodies and the marine planktonic UCYN-A must be critical for selection in their unique habitats.
Symbiosis between two unicellular microorganisms requires more than just energy and metabolite exchange. N 2 -fixing symbioses in terrestrial systems between bacteria or cyanobacteria and multicellular land plants involve signalling between the N 2 -fixer and the host/partner, which stimulates cell division and allows infection and formation of nodules or nodule-like structures 4 . The requirements for N 2 -fixing symbiosis evolution in multicellular plants are not entirely understood 4 . Presumably, unicellular systems must involve much simpler signal transduction pathways and cellular development or modifications. Coordination of growth and division must be carefully coordinated between two unicellular cells, otherwise one will outgrow the other. Although the numbers of N 2 -fixing symbionts per host may partially depend on the degree of N deficiency, as was observed in Rhopalodia 70 , the numbers of cells of both partners have to divide in synchrony so as to pass on the partnership to daughter cells following mitotic division.
UCYN-A and evolution
As well as being ecologically significant, the UCYN-A symbiosis is an intriguing model of microbial interactions, particularly the unicellular interactions that may be similar to events in the early evolution of organelles 55 . Non-N 2 -fixing interactions involving plastids range across a spectrum from grazing and retention of plastids (kleptoplastids) and loose interactions 71, 72 , to the very specific interactions of organelles (including chloroplasts) 73 . Many plastids have evolved as a secondary endosymbiosis of a unicellular alga that harbours a chloroplast originally derived from a cyanobacterium. The protist Paulinella has incorporated an endosymbiotic cyanobacterium and appears to be an example of an intermediate association that is on an evolutionary trajectory to becoming a plastid 63 . Some of the characteristics believed to be associated with endosymbiosis are genome reduction and the transfer of genes to the host nuclear genome through endosymbiotic gene transfer (EGT) 74, 75 . The Paulinella chromatophore has had extensive genome reduction and transferred at least 30 genes to the host genome 76, 77 . Most of these EGT-derived genes are related to photosynthesis, including components of the PSI reaction centere 76 . The UCYN-A genome is very small with short intergenic regions and pseudogenes, which are properties of endosymbiont genome reduction 54 . Genome comparisons among UCYN-A1, the E. turgida spheroid body and the Paulinella chromatophore showed that 47% of the UCYN-A1 protein-encoding genes are shared with both of the other endosymbionts (core proteins), and another 44% are shared with at least one of the endosymbiont genomes (Fig. 5) .
The diatom spheroid bodies are considered obligate endosymbionts, as they are inseparable from the host cells and are synchronized and passed on to daughter cells during host cell division 65, 78 . The Paulinella chromatophore divides synchronously with the amoeboid host, suggesting a certain level of host-endosymbiont integration 79 . It is still unknown how UCYN-A attaches to the host (Fig. 6) , or if the UCYN-A division is orchestrated by the eukaryote. However, a few micrographs have been observed that show two UCYN-A1 cells per host right before sunset, which suggests that the cyanobacteria UCYN-A divide before the host 42 . The distinctions between endosymbiont and organelle have long been debated. One accepted characteristic used to distinguish between organelles (plastids) and endosymbionts is the presence of a double membrane in organelles and the importing of proteins 75, 80 (Fig. 6 ). Most organellar proteins are encoded by nuclear genes and translated by host ribosomes, whereas in endosymbionts all of the cytosolic proteins are encoded in its own genome. It has not yet been shown that the Paulinella chromatophore possesses a sophisticated protein import apparatus, and it is debated whether it is an endosymbiont or an organelle. Along with the unicellular cyanobacterial freshwater diatom symbionts, UCYN-A are the only N 2 -fixing symbionts that bear some resemblance to a plastid, and may be analogous to the symbiont of Paulinella, except that they fix N 2 . It has been questioned why an organelle specialized for N 2 fixation, a 'nitroplast' , has not evolved. The diatom spheroid bodies and UCYN-A may be analogous to such associations. The UCYN-A symbiosis has been estimated to have diverged almost 100 million years ago (Mya) 43 . The similarity of deletions but high degree of nucleotide sequence divergence among UCYN-A sublineages suggests that the genome reduction happened before the divergence of the sublineages and their host partners 54 . The diatom spheroid bodies have been calculated to have evolved much more recently, only 12 Mya (ref. 62 ). In either case, it is not clear what the initial advantage would have been for the cyanobacterium that would select for the evolution of symbiosis with a phototrophic organism. A similar situation exists with filamentous cyanobacterial symbionts that associate with diatoms and live inside the diatom frustule. Although some of these cyanobacteria also have reduced genomes 81 , they are not as drastically reduced as that of UCYN-A and retain complete photosystems (both PSI and PSII). Similar to UCYN-A, the filamentous cyanobacterial symbionts have lost ammonium transporter genes from the genome, consistent with an obligate N 2 -fixing lifestyle 81 .
Concluding remarks
The UCYN-A and Rhopalodia/Epithemia symbioses are important models for N 2 fixation that contrast with the features and requirements of the better-known symbioses between N 2 -fixing bacteria (including cyanobacteria) and multicellular plants and animals. UCYN-A has so far eluded cultivation, but the new information on metabolic needs informed by genomics may aid in successful culture. Regardless, novel techniques have and will continue to provide information on how this symbiosis works. These symbioses are important to understand as they are analogues for the early stages of the transformations from simple cellular interactions to obligate symbioses and organelles. Since there are no known nitroplasts, these systems may hold clues as to why such organelles have not evolved, or even provide information that would allow the manipulation of N 2 -fixing cyanobacteria with plants. Steps forward require successful cultivation and development of novel methods to visualize the membrane structures and metabolite flow between these small, unicellular partners, as well as sequencing of the partner genomes. It should also be noted that UCYN-A was discovered using a targeted approach (Fig. 3) , and there may be other such interactions in nature that provide examples of the spectrum of molecular and physical interactions and stages of evolution from symbiosis to organelle.
